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Abstract

Multiple sclerosis (MS) is an inflammatory and neurodegenerative disease characterized
by myelin and axonal pathology. In a viral model of MS, we tested whether axonopathy
initiation and development are based on an impaired transport of neurofilaments. Spinal
cords of Theiler’s murine encephalomyelitis virus (TMEV)-infected and mock-infected
mice and TMEYV infected neuroblastoma N1E-115 cells were analyzed by microarray analy-
sis, light microscopy and electron and laser confocal microscopy. /n vivo axonal accumula-
tion of non-phosphorylated neurofilaments after TMEV infection revealed a temporal
development caused by the impairments of the axonal traffic consisting of the downregula-
tion of kinesin family member 5A, dynein cytoplasmic heavy chain 1, tau-1 and B-tubulin
IIT expression. In addition, alterations of the protein metabolism were also noticed. In vitro,
the TMEV-infected N1E-115 cells developed tandem-repeated swellings similar to in vivo
alterations. Furthermore, the hypothesis of an underlying axonal self-destruction program
involving nicotinamide adenine dinucleotide depletion was supported by molecular find-
ings. The obtained data indicate that neurofilament accumulation in TME is mainly the
result of dysregulation of their axonal transport machinery and impairment of neurofilament
phosphorylation and protein metabolism. The present findings allow a more precise under-
standing of the complex interactions responsible for initiation and development of axonopa-
thies in inflammatory degenerative diseases.

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory neurodegenerative
disease of the human central nervous system. Its precise etiology is
unknown, but most likely MS occurs as a result of a combination of
genetic factors, autoimmune conditions and environmental factors
like infectious and non-infectious pathogens. Clinically, MS shows
a relapsing-remitting and chronic-progressive type with primary-
progressive, secondary-progressive and progressive-relapsing as
subtypes (36). The majority of MS patients show a biphasic
form of the disease with a relapsing-remitting phase followed by
a secondary-progressive state (33). Animal models simulating
immunologic and/or infectious features of MS are powerful tools
to investigate the pathogenesis of the disease. Theiler’s murine
encephalomyelitis (TME) virus (TMEV)-induced demyelination
represents a well-characterized and highly suitable virus model
for MS with clinical features similar to the primary-progressive
form of MS. Both, the animal model and the human disease, share
characteristic pathogenetic and mechanistic features like demyeli-
nation, inflammation and axonal injury (6, 12, 27, 32, 52) Despite
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decades of intensive research, it is still unknown whether MS
and TME pathology follows the model of primary or secondary
demyelination. In the primary model, the demyelination caused
by myelino- and/or oligodendrogliopathies is considered to be the
primary lesion that predisposes to the secondary lesion, namely the
axonal injury. In the secondary scenario, the neuroaxonal damages
acts as trigger for the extensive demyelination. In MS and TME it
seems both events contribute substantially to disease development
and progression (13, 50, 52). Similar mechanisms have been
described in other naturally occurring animal models of MS like
canine distemper virus (CDV) (34).

Investigations regarding the axonal pathology were promoted
by the identification of amyloid precursor protein (APP) and
non-phosphorylated neurofilaments (n-NFs) as early markers for
axonal damages (6, 7, 15). Though these markers allow a precise
detection of axonal damage in MS, TME and CDV lesions (10, 13,
14, 34, 40, 50, 52, 55), the molecular mechanisms of APP and n-NF
accumulation as well as their role during disease initiation
and progression remain to be determined. Under physiological
conditions, NFs are synthesized in the neuronal cell body as

Brain Pathology 22 (2012) 4564-471
© 2011 The Authors; Brain Pathology © 2011 International Society of Neuropathology



Kreutzer et al

non-phosphorylated proteins, and then they undergo a complex
pattern of phosphorylation along the axon forming phosphorylated
NFs (p-NFs) (36). Phosphorylation and dephosphorylation of NFs
is primarily regulated by the p35-activated cyclin-dependent kinase
5 (CdkS5) (25) and protein phosphatase 2A (Ppp2r2a, Ppp2r2c) (58)
and their activity correlates with the NF dynamics (46). Along the
axon, NFs are moved on the microtubular polymers, formed by
monomeric ¢ and B-tubulins, in the anterograde direction after
association with the kinesin family member SA (Kif5SA) (62) or in
the retrograde orientation by coupling with dynein heavy chain
(Dynclhl) (31). Microtubule—microtubule (MT) and MT-motor
protein interactions important for axonal transport, are controlled
by tau-1 protein (17, 60). Once arrived at the axonal terminus, NFs
are degraded either by protease digestion (42) and/or by the
ubiquitin-proteasome system (28). In conclusion, NF expression
may be modulated at multiple levels and abnormalities in any of
these steps could cause NFs accumulation, a feature of many neu-
rodegenerative diseases (9) including MS and TME (41).

In the present study, different processes that could be responsible
for the axonal accumulation of n-NF were investigated in vivo and in
vitro to substantiate the hypothesis that the development of TMEV-
induced axonopathy is based on an impaired bidirectional axonal
transport of NFs. Thus, abnormalities in the NF axonal transport
were analyzed by monitoring the expression of cytoskeleton
proteins such as B-tubulin III and o-acetylated tubulin as well
as cytoskeleton-associated proteins including tau-1, Kif5A and
Dynclhl. Possible deficiencies in NF dephosphorylation followed
by the expression of Pp2ac and Pp2aa, subunits of Pp2a, and patho-
logical modifications of the protein degradation pathway of
the ubiquitin—protein conjugates and ubiquitin carboxy-terminal
hydrolase L1 expression (Uchl-1) were investigated at the transcrip-
tional and translational level. Data indicate that NF accumulation in
TME is not only the result of specific dysregulations in their axonal
transport but also the sequel of non-specific impairments in the
neuronal protein metabolism. Notably, microarray analysis of tran-
scriptional changes in TME spinal cords support the hypothesis that
the observed impairment of axonal transport is part of an axonal
self-destruction program relying on active depletion of axonal nico-
tinamide adenine dinucleotide (NAD) as a mechanism for axonal
degeneration in demyelinating diseases like MS and TME (3, 36).

MATERIALS AND METHODS

In vivo and in vitro study design

Animal experiments were done as described before (53). Five-week-
old female SJL/JHanHsd mice were purchased from Harlan Winkel-
mann (Borchen, Germany) and were inoculated under general
anaesthesia into the right cerebral hemisphere with 1.63 x 10°
plaque-forming units/mouse of BeAn strain of TMEV in 20 uL
Dulbecco’s modified Eagle medium (PAA Laboratories, Colbe,
Germany) with 2% fetal calf serum and 50 pg/mL gentamycin.
Mock-infected mice received 20 uL of the diluent only. Placebo
and infected groups were killed after 0, 4, 7, 14, 28, 42, 98 and 196
days. Each group consisted of six animals. At necropsy, the thoracic
segment of the spinal cords was removed from each animal. Subse-
quently, tissues were fixed in 10% formalin, decalcified in 25%
ethylenediaminetetraacetic acid for 48 h and then embedded in
paraffin.

Brain Pathology 22 (2012) 4564-471
© 2011 The Authors; Brain Pathology © 2011 International Society of Neuropathology

Axonal Transport Defect in a model of Multiple Sclerosis

For differentiation into neurons, N1E-115 murine neuroblas-
toma cells (ATCC, CRL-2263) were maintained 14 days in DMEM
with 2% FCS. Then, cells were incubated for 1 h at a multiplicity of
infection of 10 with the BeAn strain of TMEV (23) and analyzed by
immunofluorescence at 1, 3 and 7 days post-infection.

Histochemistry and immunohistochemistry

To identify demyelination, formalin-fixed, paraffin-embedded
thoracic spinal cord sections were stained with Luxol fast blue
cresyl-echt violet (LFB) (56). Identification of normal and
pathological axonal structures was done by using a modified
Bielschowsky silver stain (9). Immunohistochemistry was per-
formed as described previously (37, 55, 56) using the primary
antibodies mentioned in Table 1. The 2- to 3-um-thick paraffin-
embedded sections were dried in an oven at 50°C for 30 minutes.
Then, sections were deparaffinized and rehydrated using graded
alcohols. The endogenous peroxidase was quenched in 0.5% H,O,
prepared in methanol. Antigen retrieval was done by incubation in
citrate buffer for 25 minutes at 800 W or 0.25% Triton® X-100 in
phosphate-buffered saline (PBS) for 15 minutes at room tempera-
ture (RT). To block non-specific binding sites, sections were incu-
bated with normal goat serum for 20 minutes at RT and then
overnight with the primary antibodies (Table 1) at 4°C. For nega-
tive controls, the primary antibody was substituted by either rabbit
serum or ascites from non-immunized BALB/cJ mice. Subse-
quently, after washing in PBS sections were incubated with either
biotinylated goat anti-mouse or anti-rabbit serum, respectively
(Vector Laboratories, Burlingame, CA, USA). Positive antigen-
antibody reactions were visualized by incubation with 3,3’-
diaminobenzidine-tetrahydrochloride (DAB)- H,O, in 0.1 M
imidazole, pH 7.08 for 10 minutes followed by slight counterstain-
ing with Mayer’s hemalaun.

The obtained brown signal was evaluated quantitatively by
counting the number of positive axons (number of immunoreac-
tive axons/mm?) in the white matter. The percentage of p-NF and
Bielschowsky’s silver stain-positive thoracic axons in the ventro-
lateral white matter area was evaluated by digitalizing the spinal
cord section with a color video camera (Color View II, 3.3 Mega-
pixel CCD; Soft Imaging System, Miinster, Germany) mounted on
an Axiophot microscope (Zeiss, Oberkochen, Germany) with a 5x
objective. The positive structures were measured interactively after
manually outlining the total white matter area using the analysis 3.1
software package (Soft Imaging System). Data are presented as
percentage of labeled axonal profiles in relation to the total white
matter area.

Data obtained by the LFB stain, Bielschowsky silver stain
and immunohistochemistry were subjected to statistical analysis
using the program “SPSS” for Windows, version 13.0 (SPSS Inc.,
Chicago, IL, USA) using the Wilcoxon test as group-wise test, as
described previously (26). A P-value of less than 0.05 was consid-
ered to be statistically significant. The correlation coefficient of
p-NF and n-NF immunohistochemistry was calculated by using the
non-parametric Spearman’s correlation test.

Immunofluorescence, electron and laser
confocal microscopy

For immunostaining, N1E-115 cells were washed with PBS
and then fixed with 4% paraformaldehyde for 30 minutes at
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Table 1. Antibodies used for immunohistochemistry and

immunofluorescence.

Kreutzer et al

Abbreviations:  IHC = immunohistochemistry; IF =

immunofluorescence; PBS = phosphate-buffered saline; NA = not applicable; ND = not done.

Nr Antibody Supplier Catalog Source Dilution Pre-treatment for IHC
number HC IF
1. Non-phosphorylated neurofilament Sternberger SMI311 Mouse 1:8000 1:1000 Boiled in citrate buffer in the
(n-NF) Monoclonals microwave
2. Phosphorylated neurofilament Sternberger SMI312 Mouse 1:8000 1:1000 Triton® X-100 0.25% in PBS
(p-NF) Monoclonals
3. Amyloid precursor protein (APP) Chemicon MAB348 Mouse 1:2000 ND Boiled in citrate buffer in the
microwave
4. Protein phosphatase 2 subunit C Cell Signaling 2038 Rabbit 1:50 ND Boiled in citrate buffer in the
(Ppp2r2c) Technology microwave
5. Protein phosphatase 2 subunit A Cell Signaling 2041 Rabbit 1:50 ND Boiled in citrate buffer in the
(Ppp2r2a) Technology microwave
6. Kinesin heavy chain isoform 5A Sigma Aldrich MAB1614 Mouse 1:100 1:60 Boiled in citrate buffer in the
(Kif5A) microwave
7. Dynein heavy chain (Dync1h1) Santa Cruz sc-9115 Rabbit 1:10 1:10 Boiled in citrate buffer in the
Biotechnology microwave
8. B-tubulin 1l Sigma Aldrich T8660 Mouse 1:5000 1:2500 Boiled in citrate buffer in the
microwave
9. a-Acetylated tubulin Sigma Aldrich T6793 Mouse 1:1000 ND Triton 0.25% in PBS
10. Tau-1 Chemicon MAB3420 Mouse 1:2000 1:200 Boiled in citrate buffer in the
microwave
11. Ubiquitin Chemicon AB1690 Rabbit 1:1000 1:200 Boiled in citrate buffer in the
microwave
12. Ubiquitin C-terminal hydrolase Chemicon AB1761 Rabbit 1:1000 NA Boiled in citrate buffer in the
(Uchl-1) microwave
13. VP1-BeAn-TMEV * NA Rabbit 1:2000 1:200 ND

*Kummerfeld et al (23).

RT. After an additional washing step with PBS, cells were
permeabilized with 0.25% Triton® X-100 (Sigma-Aldrich,
Taufkirchen, Germany) in PBS (PBST) for 15 minutes. To block
unspecific binding sites, cells were kept in 1% bovine serum
albumin (BSA) diluted in PBST for 30 minutes. The cells were
then incubated overnight at 4°C with the primary antibody
diluted in PBST (Table 1). After 10 minutes washing in PBST,
cells were incubated for 1 h with Cy2/Cy3 conjugated AffiniPure
goat anti-rabbit/anti-mouse (Jackson-Immuno Research Labora-
tories, West Grove PA, USA) diluted 1:200 in PBST. Then, cells
were washed with and kept in PBS until embedded with Fluores-
cent mounting medium® (Dako Deutschland GmbH, Hamburg,
Germany).

Confocal laser microscopy was performed as described previ-
ously (22) using the primary antibodies mentioned in Table 1. The
labeled cells were imaged with an inverted microscope Leica DM
IRE2 (Leica, Wetzlar, Germany) using UV light, 405 nm (bis-
benzimide), Ar-lon, 488 nm (Cy2), and HeNe, 543 nm (Cy3) lasers.

Electron microscopy was performed as described previously
(55). Groups of six TME V-infected and control mice were killed at
14, 42, 98 and 196 dpi and spinal cords were immersed in 5%
glutaraldehyde/cacodylate buffer and subsequently in 1% osmium
tetroxide. Then, sections were dehydrated and embedded in epoxy
resin. Ultrathin sections (70 nm) were stained with uranyl acetate
and lead citrate and then analyzed by a Zeiss electron microscope
EM 10 C (Zeiss).
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Microarray analysis of transcriptional changes

RNA was isolated from frozen spinal cord specimens using the
RNeasy Mini Kit (Qiagen, Hilden, Germany), amplified and labeled
using the MessageAmp II-Biotin Enhanced Kit (Ambion, Austin,
TX, USA) and hybridized to Affymetrix mouse genome 430 2.0
arrays (Affymetrix, Santa Clara, CA, USA) as described (56). Six
biological replicates were used per group and time point, except for
five TME V-infected mice at 98 dpi. Background adjustment and
quantile normalization was performed using RMAExpress (5).
Further analysis focused on manually curated lists of candidate
genes associated with: (i) axonal transport; and (ii) axonal self-
destruction, respectively, extracted from peer-reviewed articles
(Supporting Information Tables S1 and S2). The fold change was
calculated as the ratio of the inverse-transformed arithmetic means
of the log,-transformed expression values of TMEV-infected vs.
mock-infected mice. Downregulations are shown as negative recip-
rocal values. Data were analyzed using pair-wise Mann—Whitney
U-tests. Statistical significance was designated as P = 0.05.

RESULTS

Morphological changes

The progression of viral infection, demyelination and axonal loss
in TME were in accordance to previously described findings (29,
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Figure 1. Kinetic of axonal pathology in TME. The box and whisker plots
illustrate, in a time-dependent manner, the loss of nerve fibers as
detected by the Bielschowsky silver stain (A) and changed immunoreac-
tivity of amyloid precursor protein (APP) (B), phosphorylated neurofila-
ment (p-NF) (C), non-phosphorylated (n-NF) (D), kinesin family member

52, 55, 56). Briefly, the majority of TMEV-positive axons in the
spinal cords were detected 1 month after infection. First features of
demyelination using the LFB stain were observed at 42 dpi and loss
of myelin continuously increased until 196 dpi, whereas a signifi-
cant axonal loss and occurrence of swollen axons termed spheroids
were observed between 28 and 196 dpi (Figure 1A). Details are
listed in the Supporting Information (Supporting Information
Figures S1-3). To identify subtle axonal changes, the expression of
APP, p-NF and n-NF was investigated. APP expression was con-
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5A (Kif5A) (E), dynein cytoplasmic heavy chain 1 (Dync1h1) (F), B-tubulin
Il (G), tau-1 (H) and ubiquitin-ligated proteins (I) following Theiler's
murine encephalomyelitis virus (TMEV) infection. Statistical significant
differences (P = 0.05) were marked with asterisks (*). White box plots
represent controls; gray box plots represent infected animals.

fined to few glial cells in the white matter and to neuronal cell
bodies in the gray matter in placebos (Figure 2A). In addition, APP
immunopositive axons were observed in the ventromedial and
lateral columns between 28 and 196 dpi in TMEV infected mice in
addition (Figures 1B and 2B).

p-NF expression was limited to axons and not found in neuronal
perikarya in controls (Figure 2C). In infected mice, loss of p-NF
expression of axons became evident at 14 dpi. A statistical sig-
nificant decrease beginning at 28 dpi was observed (Figures 1C
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Figure 2. Amyloid precursor protein (APP), phosphorylated neurofila-
ment (p-NF), non-phosphorylated NF (n-NF) expression in TME. The
rows illustrate APP (A,B), p-NF (C,D), n-NF (E,F) immunoreactivity in the
ventromedial spinal cord of controls (A,C,E) and TMEV-infected mice
(B,D,F) at 0, 28, 98 and 196 dpi. (A,B) At 0 dpi, control and infected mice
showed a similar pattern of APP expression in glial cells of the white
matter and neurons of the gray matter. From 28 until 196 dpi, APP-
positive spheroids were observed in TMEV-infected mice (arrowheads).
(C,D) At 0 dpi, control and infected mice showed a similar pattern of
p-NF expression with p-NF-positive axons in the white matter and p-NF-

458

Kreutzer et al

196

N
it *’; M

negative neurons in the gray matter. Between 28 and 196 dpi a
decreased p-NF expression was observed in TME. A p-NF-positive
spheroid is marked with arrowhead and severe axonal loss with aster-
isks). (E,F) At 0 dpi, control and infected mice showed the same pattern
of n-NF expression with n-NF-negative axons in the white matter and
n-NF-positive neurons in the gray matter. n-NF axonal expression,
marked with an arrowhead, appeared at 28 until 196 dpi in TMEV-
infected mice only. Scale bar = 100 um. Abbreviations: G = gray matter;
TMEV = Theiler's murine encephalomyelitis virus; W = white matter.
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and 2D). In addition, few p-NF-positive spheroids were detected
between 28 and 98 dpi (Figure 2D). n-NF expression characterized
by positive neuronal perikarya and negative axons in controls was
complementary to the p-NF immunoreactivity (Figure 2E). The
first n-NF axonal accumulations were observed at 14 dpi in TME
mice. Thereafter, axonal expression of n-NF increased significantly
and reached its maximum at 98 dpi (Figures 1D and 2F). n-NF
positive axons were often enlarged and contained densely accumu-
lated NFs. Evaluation of the correlation coefficient showed a highly
negative association between p-NF and n-NF (Spearman rank cor-
relation p =—-0.824, P < 0.01).

Axonal Transport Defect in a model of Multiple Sclerosis

For a more detailed characterization of the demyelinat-
ing process, electron microscopy was performed. In controls
(Figure 3A), nerve fibers, enwrapped by myelin sheaths of various
calibers were observed as expected. The earliest demyelinating
changes in the spinal cord of infected mice were observed at 14 dpi
and were characterized by separation of the individual lamellae
at the intraperiod line, formation of fluid-filled intramyelinic
spaces and vesicles, and marked distention of the myelin sheaths
(Figure 3B). At 42 dpi, morphologically altered myelin sheaths
mostly displayed an invasion of their separated lamellae by inter-
posed cellular processes containing a lysosome-rich cytoplasm,

Figure 3. Electron microscopic features in TME. (A-C) Electron micro-
graphs obtained from spinal cords of placebo (A) and TMEV-infected mice
(B,C) at 14, 42 and 98 dpi. (A) Intact axons at different time points. (B)
Specific features of myelin pathology including myelin vesiculation and
loss (black arrows, 14 and 42 dpi), naked axons (arrowheads, 196 dpi)
and remyelination (white arrows, 196 dpi). (C) Particularities of axonal
pathology-like distended axons (arrowheads) with accumulation of

Brain Pathology 22 (2012) 4564-471
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microtubule, neurofilaments, vesiculotubular structures, mitochondria
and lysosomes (14 and 196 dpi) or a compressed axon by myelin-sheath
edema (42 dpi). A and B196 scale bar =4 um; B14, B42, C14 and C42
scale bar=2um; C196 scale bar=1pum. Abbreviations: a=axon;
| = lysosomes; m = mitochondria; M = microglia/macrophage cytoplasm;
n = neurofilaments; t = microtubules; TMEV = Theiler's murine encepha-
lomyelitis virus.
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interpreted to be of macrophage/microglial origin. Furthermore,
completely demyelinated axons surrounded by macrophage/
microglia and Gitter cells with abundant whirls of lamellar and/or
amorphous electron-dense debris in membrane-bound cytoplasmic
vesicles as well as reactive microglial processes were detected
between 42 and 196 dpi. Notably, at 196 dpi, axons surrounded by
relatively thin myelin sheaths, interpreted as remyelination were
present within the lesions (Figure 3B,C).

Initiation of axonal degeneration

A series of recent publications suggests the existence of axonal
self-destruction programs, contributing to the antiviral host
response in TMEV infection (35, 52). In the present study, a
manually selected list of axonal self-destruction-related genes
(Supporting Information Table S2), was individually analyzed.
Twenty-one out of these 65 axonal self-destruction-related probe
sets, corresponding to 17 individual genes, were differentially
expressed in the spinal cord of TMEV-infected mice com-
pared with mock-infected mice (Table2). Notably, a mild
transcriptional downregulation of nicotinamide mononucleotide
adenylyl-transferases-1, -2 (Nmnat-1,2) and a mild upregulation
of poly(ADP)ribose polymerase 1 (PARP1) were observed in the
chronic demyelinating phase of the disease. Concerning the dual
leucine kinase (DLK)/c-Jun N-terminal kinase (JNK)-induced
axonal-degeneration pathway (13, 30, 44, 48), a mild downregula-
tion was observed for the mitogen-activated protein kinase kinase
kinase 12 (Map3k12; synonym:DLK) at 196 dpi. Its downstream
target mitogen-activated protein kinase 8§ (Mapk8; synonym: JNK)
displayed a mild transcriptional upregulation at 14 dpi, followed
by a mild downregulation from 42 to 196 dpi. Concerning the
APP/DR6/caspase6-induced axonal-degeneration pathway (14,
33), a mild upregulation was observed for Caspase-6 (Casp6)
throughout the observation period. APP displayed a mild upregula-
tion in the acute phase and a mild downregulation in the chronic
phase. Brain-derived neurotrophic factor (BDNF) was mildly
downregulated from 14 to 98 dpi, and the proto-oncogene tyrosine-
protein kinase receptor Ret (Ret) was mildly downregulated at
98 dpi. Concerning neuroaxonal-microglial interactions, moderate
transcriptional upregulations were observed for multiple CD200-
receptors (CD200r) from 42 to 196 dpi, and G protein-coupled
receptor 1094 (Gprl09a) from 14 to 196 dpi. The question
remains: which downstream axonal changes are initiated by these
activations.

Transcriptional changes of axon-transport
related genes

To identify possible candidate genes and to outline possible path-
ways causing abnormal axonal expression of p-NF and n-NF in
TME mice, the data sets of a previously published microarray
experiment were reanalyzed using an independent approach (18,
56). In the present study, a manually curated list of canonical
axonal transport-related genes (Supporting Information Table S1)
was individually analyzed. Sixty-six out of these 111 axonal
transport-related probe sets, corresponding to 59 individual genes
were differentially expressed in the spinal cord of TME V-infected
mice compared with mock-infected mice (Table 3). There was a
mild transcriptional downregulation of 15 out of 18 differentially
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expressed probe sets related to subunits of the kinesin molecule
complex especially during the demyelinating phase of the disease
between 42 and 196 dpi. Similarly, a mild transcriptional down-
regulation was observed for 15 out of the 18 differentially
expressed probe sets related to subunits of the dynein molecule
complex. Furthermore all eight out of eight differentially expressed
probe sets related to subunits of protein phosphatase 2 complex
(Ppp2r2a, Ppp2r2c) exhibited a mild transcriptional downregula-
tion during the demyelinating phase of the disease between 42
and 196 dpi. Additionally, six out of seven and six out of eight
differentially expressed probe sets related to various alpha
and beta tubulins displayed transcriptional downregulations,
respectively. Further minor transcriptional downregulations were
observed for microtubule-associated protein tau, the NF heavy
polypeptide, NF light polypeptide, prion protein and Uchl-1. The
amyloid beta (A4) precursor protein (APP) displayed a more differ-
entiated time course of transcription, with a mild upregulation at
14 dpi and a mild downregulation at 196 dpi.

Translational changes of axonal
transport-related proteins

To further substantiate the transcriptional changes and to dissect
the molecular axonopathogenesis in TME, immunohistochemistry
of candidate genes was performed. Kif5A was expressed in neu-
ronal cell bodies of the gray matter and axons of the white matter
in controls (Figure 4A). At day 14, KifSA-positive spheroids
appeared and axons showed an overall reduction of Kif5A expres-
sion in infected mice. At 98 dpi, Kif5A reached a peak of decreased
expression when less than 50% of the axons showed Kif5A immu-
noreactivity (Figures 1E and 4B). Dynclhl immunohistochemis-
try revealed a similar downregulation at the translational level as
observed for KifSA (Figures 1F and 4D). However, no dynein-
positive spheroids were detected (Figure 4D).

To assess the stability of the axonal cytoskeleton, B-III,
a-acetylated tubulin and tau-1 expression were analyzed. The
latter is essential for the kinesin- and dynein-mediated transport
of NE In controls, B-tubulin III and o-acetylated tubulin (data
not shown) followed the KifSA expression pattern. In TME, their
expression decreased significantly at 98 dpi (Figure 1G).

tau-1 was expressed in oligodendroglial cells of the gray and
white matter and axons of the white the matter in controls. In TME,
tau-1 axonal expression was significantly reduced between 42 and
196 dpi (Figure 1H). Furthermore, based on the diametrical axonal
expression of p-NF and n-NF it was hypothesized that the excessive
presence of axonal n-NF is the result of excessive p-NF dephos-
phorylation. To analyze abnormalities in the dephosphorylation
processes, the expression of Pp2ac and Pp2aa was studied. At the
translational level Pp2a subunits were similarly expressed in
control and TME (data not shown).

To investigate whether the abnormalities in NF Kif5A,
Dynclhl, B-tubulin IIT and tau-1 expression are the result of a
dysregulated axonal protein degradation system, the axonal
presence of ubiquitin—protein conjugates and Uchl-1 was studied.
Both antibodies showed similar expression patterns characterized
by positive neurons in the gray matter and glial cells and axons in
the white matter of controls (Figure SA,C). In TME mice, their
expression dropped significantly at 28 dpi and remained very low
until 196 dpi (Figures 11 and 5B,D).
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Figure 4. Expression of kinesin family member 5A (Kif5A) and dynein
cytoplasmic heavy chain 1 (Dync1h1) in TME. Kif5A (A,B) and Dync1h1
(C,D) immunoreactivity in the ventromedial and lateral spinal cord of
control (A,C) and TMEV-infected mice (B,D) at 0, 14 and 28/42 dpi (d).
(A,B) At 0 dpi control and infected mice showed the same pattern of
Kif5A expression consisting of positive axons of the white matter and
neurons in the gray matter. A decreased KifbA expression and the

TMEV-infected N1E-115 cells

To answer the question whether TMEV alone or both the micro-
environment and/or the pathogen may cause axonal changes,
NIE-115 cells were analyzed after differentiation into neurons
and following infection with the BeAn strain of TMEV. The
differentiated N1E-115 cells displayed a neuron-like morphology
whereas non-differentiated N1E-115 cells were round and compact
(Figure 6).

464

appearance of KifbA-positive spheroids (arrowheads) were observed in
the TMEV-infected mice at 14 and 28 dpi. (C,D) At 0 dpi, axons in the
white matter and neurons in gray matter were Dync1h1-positive in
control and infected groups. A decrease in axonal Dync1h1 expression
was seen in the TMEV-infected mice at 14 and 42 dpi (arrowheads).
Scale bar =100 um. Abbreviations: G = gray matter; TMEV = Theiler's
murine encephalomyelitis virus; W = white matter.

Approximately 80% of non-differentiated and 20% of differenti-
ated cells were infected with TMEV-BeAn. The differentiated and
infected N1E-115 cells showed a ubiquitous expression of the
TMEV antigen, and were characterized by a particular focally
accentuated immunoreactivity of their processes that resembled the
in vivo focal axonal swellings (Figure 6). These focal swellings
were further characterized with respect to n-NF and p-NF expres-
sion and revealed similarities with the in vivo situation. Thus,
the axonal enlargements showed higher and lower levels of n-NF

Brain Pathology 22 (2012) 4564-471
© 2011 The Authors; Brain Pathology © 2011 International Society of Neuropathology



Kreutzer et al Axonal Transport Defect in a model of Multiple Sclerosis

b g 3 i & : {
F ; e W X : ". A -
| R < ] ¥ ;
- i 7%
e - S % L
b e ‘ e o 7
3 % 4 1 %
A i — o - I Uy wrarsa Y iy Wi Y
g 0 .28 : 98 , 401 . 196
G G e S A 4
W
- T
% . W,
he S T o e
v o : ¥ }
5 | Pty '
c b | 2 ety By v .
) - i—"l ; :
3/ 5§ A [
v éi » = w . A 5 ] w
9. ' S ATl — .
" o -t ‘W : i
= 5 Rl ] »
D (€ i s A S R .
Figure 5. Expression of ubiquitin-ligated proteins and ubiquitin carboxy- proteins was seen in the TMEV-infected mice (arrows). (C,D) At 0 dpi,
terminal hydrolase ligase (Uchl-1) in TME. Ubiquitin (A,B) and Uchl-1 axonal Uchl-1 was present in the spinal cord of both control and infected
(C,D) immunoreactivity in the ventromedial spinal cord of control (A,C) mice. At 28, 98 and 196 dpi a lower expression of Uchl-1 was seen in
and TMEV-infected mice (B,D) at 0, 28, 98 and 196 dpi. (A,B) At 0 dpi, the TMEV-infected mice (arrows). Scale bar = 100 um. Abbreviations:
axonal ubiquitin-ligated proteins were present in control and infected G =gray matter; TMEV = Theiler's murine encephalomyelitis virus;

mice. At 28, 98 and 196 dpi, a lower expression of ubiquitin-ligated W = white matter.

bis-benzimide

Figure 6. Axonal pathology in NTE-115 Theiler's murine encephalomy- BeAn-TMEV specific antibody and Cy2-conjugated AffiniPure goat

elitis virus (TMEV)-infected cells. The differentiated TMEV-infected cells anti-rabbit serum (viral protein = green) and bis-benzimide (blue). Non-
showed tandem-repeated swellings along their axon-like processes. differentiated cells are marked with stars, differentiated cells with an
N1E-115 cells were stained with a polyclonal anti-capsid protein VP1- arrowhead, the focal swelling with arrows. Scale bars = 16 um.
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(Figure 7B) and p-NF (Figure 7D), respectively, resembling immu-
noreactivity of spheroids in vivo. In contrast, axonal-like structures
of non-infected cells displayed an uniform expression of p-NF and
a lack of n-NF immunoreactivity (Figure 7A,C).

DISCUSSION

In TME, the onset of the axonopathy during the initial stage is
suggested to be a virus-induced effect (52), whereas the axonal
degeneration and loss at later stages are more related to an immune-
mediated attack (11, 19), and a lack of glia-derived trophic support,
which trigger preprogramed neurodegenerative mechanisms in vul-
nerable, demyelinated axons (35). Both, an axonal decrease in p-NF-
and an increase in n-NF-immunoreactivity represent well-known
immunohistological markers for axonal pathology (27, 41, 49,
52, 55). In the present study, possible pathogenetic mechanisms
involved in an altered axonal NF homeostasis in TME were investi-
gated using in vivo and in vitro experiments (24, 43). Therefore, the
aims were: (i) to describe and characterize the degree of axonopa-
thies in TMEV BeAn-infected SJL/J-mice; (ii) to investigate pos-
sible mechanisms underlying the altered NF-pattern focusing on
molecules involved in their axonal transport and metabolism; and
(iii) to investigate the transcriptional profile of a selected list
of genes suggested to be involved in the initiation of axonal
self-destruction.

A detailed description of the NF expression during the progres-
sion of TME revealed an early onset decrease in p-NF levels and an
increase in the number of n-NF-positive axons in the ventrolateral
white matter of the spinal cord of diseased animals, in concordance
with previous studies (52, 55). Molecular analysis of TMEV-
infected N1E-115 neuroblastoma cells showed similar results, with
n-NF accumulations at the level of axonal swellings after 7 dpi.
Despite the fact that axonal pathology has been detected as early as
1 week after infection in the acute polioencephalomyelitis phase of
TME using n-NF immunohistology (52), significant axonal loss
exhibits a different time course beginning in the chronic demyeli-
nating disease phase at 45 dpi for large myelinated fibers and at
195-220 dpi for medium to large myelinated fibers (29). Recently
it was demonstrated that a major histocompatibility complex
(MHC) class I-restricted, perforin-mediated CD8+ T-cell response
directed against a currently unknown neuron-derived epitope is
responsible for the bulk of axonal loss and clinical deficiency in
TMEV DA strain-infected B10Q mice at 90 dpi (11). It can be
concluded from the latter study that a CD8+ T cell-mediated axonal
damage and loss in chronic phase of TME depends on the
precedence of demyelination and is independent from the anti-
viral immune response (11). In contrast, the description of axonal
pathology preceding demyelination (52), the finding of TMEYV traf-
ficking via axons of retinal ganglion cells to the cytoplasmic
channels of myelin (39) and the fact that demyelinating lesions in
TME can be triggered by artificially inducing Wallerian degenera-
tion (53) point towards the importance of virus-induced axonal
pathology for the induction of lesion development. Therefore an
altered NF-pattern, which represents an unquestioned marker for
axonal pathology is associated with multiple pathogenic pathways.
To further analyze pathogenetic mechanisms contributing to an
altered axonal NF homeostasis, a variety of key mechanisms like
NF-transport, phosphorylation and degradation were investigated
at the transcriptional and translational level. After labeling of
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reticulospinal, vestibulospinal and rubrospinal neurons, an impair-
ment of the retrograde transport in TMEV-infected mice was
described by others (57). However, a precise analysis of the pro-
teins involved in this dysregulation is still lacking. It was suggested
that NF aggregates are the result of a defective NF axonal transport
and/or phosphorylation in neurodegenerative disorders (43).
Microarray results of the present study revealed a mild transcrip-
tional downregulation for the members of the kinesin, dynein and
protein phosphatase 2 complex, indicating an impairment of the
axonal transport. Previous studies investigating NF phosphoryla-
tion by using mass spectrometry revealed no differences between
amyotrophic lateral sclerosis (ALS) and control tissues (4, 8). This
indicated that NF accumulation can be the result of their misloca-
tion in different cellular compartments as it has been shown for
some transgenic models of ALS (2, 3, 14). A similar mechanism
has been hypothesized for NF aggregation in MS (29). To obtain
more detailed information about these processes, the expression of
motor and cytoskeleton proteins involved in the axonal transport of
NF was further studied by immunohistochemistry in the present
investigation. Thus, the specific motor protein for the anterograde
transport of NF (46), Kif5A, showed a reduced expression in the
spinal cord, beginning at 14 dpi. Furthermore, Dync1hl, involved
in NF retrograde transport (47) and tau-1, responsible for the MT
stability (58), showed a similar downregulation as KifSA. In addi-
tion, previous results showed a reduction of the retrograde transport
in TME V-infected mice using retrograde labeling of reticulospinal,
vestibulospinal and rubrospinal neurons (55). Furthermore the
specific elimination of a subset of cytotoxic CD8+ T cells directed
against the immunodominant VP2,,.130 of TMEV resulted in
partial preservation of the axonal retrograde transport and
improved motor function in TMEV-susceptible H-2b mice with
genetic deletion of the interferon gamma receptor (IFNYR™")
despite of an unaltered amount of axonal loss (19). Based on this
observation, it is reasonable to suggest that the previously men-
tioned CD8+ T-cell response directed against a currently unknown
neuron-derived epitope in TMEV DA-strain infected B10Q mice
(11) can also induce an interruption of axonal transport. In contrast
to the motor proteins, the main components of the microtubules, o
and B tubulins, showed a more stable expression at the translational
levels, despite mild significant transcriptional changes. Recent data
showed that MT stabilization reduces scarring and enhances axonal
regeneration after spinal cord injury (18).

Animpaired axonal transport could have multiple possible conse-
quences: (i) decrease of TMEV transport as shown before for vac-
cinia virus (34); (i1) impairment of APP and NF axonal function; and
(iii) a reduction of axonal p-NF expression, and (iv) impaired
transport of Nmat-2 (2, 16, 35), APP, a sensitive indicator of early
axonal injury was detected in small amounts in axons after TMEV
infection beginning at 28 dpi. Kinesin light chains transport APP
along the axons (20), therefore a reduction in kinesin expression
could trigger a lower APP accumulation. It still remains unclear how
an impairment of the NF transport may result in increased expres-
sion of axonal n-NF. Besides the differences in their neuronal local-
ization and affinity for motor proteins (31, 50, 61), there is a specific
association between hypophosphorylated/phosphorylated-NF and
other cytoskeleton components. Thus, unlike the extensively phos-
phorylated NF, only hypophosphorylated NF binds either MTs (19)
or myosin with high affinity, and translocates along actin in the axon
(1, 20). Moreover, the hypophosphorylated NF-MT association is
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Figure 7. Expression of non-phosphorylated neurofilament (n-NF) and
phosphorylated NF (p-NF) in Theiler's murine encephalomyelitis virus
(TMEV)-infected N1E-115 cells. The figures illustrate n-NF (A,B) and
p-NF (C,D) immunofluorescence in controls (A,C) and TMEV-infected
cells (B,D). A. Non-infected cells showed a n-NF expression restricted to
the cell body and lacking of TMEV expression. B. Following infection
with TMEV tandem-repeated swellings (arrows) with n-NF increased
immunoreactivity can be recognized. Simultaneous expression of viral
and n-NF proteins, especially of the swelling, can be observed in the

Brain Pathology 22 (2012) 4564-471
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merged picture as yellow discoloration. C. p-NF shows a uniform expres-
sion (arrows) along the axon-like structures in non-infected cells. D.
Following TMEV expression a decrease in p-NF immunoreactivity can be
observed (arrow) as demonstrated by weak focal yellow discoloration
in the merged figure. Confocal laser scanning microscopy for the
TMEV BeAn-strain capsid-protein VP1 with a Cy2-coupled secondary
antibody (green), combined with either n-NF or p-NF with a Cy3-coupled
secondary antibody (red), and nuclei with bisbenzimide (blue).

Scale bars =16 mm.
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regulated by the amount of tau-1 fragments (45). A reduction
in tau-1 expression as observed in TME could facilitate a
hypophosphorylated-NF MT-dependent axonal transport. Thus,
n-NF can be alternatively transported and can accumulate along the
axons in the absence of motor proteins. It is well known that axonal
NF transport and phosphorylation are intimate processes (43).
Although the amount of p-NF and n-NF was similar in control and
ALS patients (4), active kinases like Cdk5 and p38 Map-kinase were
found predominantly in perikarya and in proximal axons. The latter
represent subcellular compartments with p-NF accumulations (4).
The complementary expression of both NF forms during TME led to
the assumption that a local dephosphorylation process could be
an additional mechanism responsible for the conversion of the
preexisting p-NF into axonal n-NF. Pp2a represents the main
enzyme exhibiting the most abundant endogenous phosphatase
activity in spinal cord extracts (38, 49). Interestingly, transcription
of protein phosphatase 2 complex members was mildly down-
regulated and Ppp2r2a and Ppp2r2c translation was similar in
TME V-infected and mock-infected mice. Though this indicated
phosphorylation might not represent a major pathogenetic mecha-
nism, it cannot exclude possible changes in protein phosphatase 2a
activity or the participation of other phosphatases in the axonal NF
dephosphorylation process.

Either transported from the neuronal cell bodies and/or locally
produced in the axon, n-NF could represent a first step towards NF

/
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Figure 8. Schematic outline of the impact of the direct factors involved
in alterations of neurofilament (NF) metabolism during Theiler's murine
encephalomyelitis. The figure shows perikaryon-axonal transport of neu-
rofilaments and associated proteins. In normal animals, dynein is essen-
tial for the antero- and retrograde transport of non- and phosphorylated
NFs whereas, kinesin is responsible for the anterograde transport of low
phosphorylated NF. There is a continuous exchange between tau-1 and
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degradation. Previous studies reported that n-NF undergoes degra-
dation (26), whereas p-NF was protected by phosphorylation (17).
The question arose why n-NF degradation during TME is not
as efficient as in controls. Various proteases are involved in the
NF degradation process. In addition, ubiquitination was described
as an important mechanism of NF degradation (43). Ubiquitin-
conjugated proteins are components of the intraneuronal inclu-
sions, and are found in several neurodegenerative diseases (43). In
the present study, in contrast to other neurodegenerative disorders,
the expression of ubiquitin—protein conjugates and Uchl-1 was
significantly reduced. Because ubiquitination is the first step in a
non-lysosomal degradation pathway of proteins, it was concluded
that a derangement of this proteolytic pathway may occur in
infected mice. The presumed direct factors involved in the axonal
accumulation of n-NF based on the present investigation are sche-
matically summarized and displayed in Figure 8.

Recently, it was proposed that axonal degeneration is part of an
active self-destructive response to the TMEV infection preventing
further axonal spread of the virus (51, 54). The demonstration of a
downregulated transcription of the NAD-synthesizing enzymes
Nmnat-1 and Nmnat-2 and an upregulation of the NAD consuming
PARP1 in the chronic demyelinating phase of TME is in agreement
with the hypothesis that an active neuronal depletion of NAD medi-
ates axonal self-destruction (35). Notably, Nmat2 is a somatically
produced axon survival factor, whose function depends on the
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n-NF attached to microtubules. In axons, the phosphorylated NFs are
dephosphorylated and then degraded. Following TME virus infection,
impairment of these processes (marked with red crosses) that give rise
to NF axonal aggregations can be observed. Non-phosphorylated neu-
rofilaments (O); phosphorylated neurofilaments (I); kinesin (§); dynein
(+); microtubules-MT- ([}); tau (e).

F,——p——, —— ——

Brain Pathology 22 (2012) 4564-471

© 2011 The Authors; Brain Pathology © 2011 International Society of Neuropathology



Kreutzer et al

anterograde transport (16). The upregulation of Mapk8 at 14 dpi
is in agreement with an induced DLK/JNK-dependent axon-
degeneration pathway during the early phase of polioencephalomy-
elitis (30). In contrast, the downregulation of both Map3k12 and
Mapk8 at later time points indicates that this respective pathway
plays a different role during the phase of chronic progressive demy-
elination in TME. The observed upregulation of Caspr-6 from 14
t0196 dpi suggests that the APP/DR6/Casp-6-dependent axon-
degeneration pathway is involved in the anti-viral response against
TMEV throughout the course of the disease (33). The observed
downregulation of Bdnf within the spinal cord is a possible trigger
leading to trophic deprivation of the axons, shedding of surface
APP, activation of death receptor 6 (DR6, Tnfrsf21) and lastly
activation of Caspr6 inducing axonal degeneration, similar to the
situation encountered in MS and other neurodegenerative diseases
(14, 26, 33). The moderate upregulation of CD200r points towards
an activation of CD200r-positive microglia by neuroaxonal CD200
ligands, leading to a self-perpetuating cycle of neuroaxonal
damage and microaglia activation, most likely involved in genera-
tion of secondary axonal degeneration (35). Furthermore, Gpr109a
[synonyms: HM74a, protein upregulated in macrophages by IFN-y
(PUMA-QG)], a high-affinity nicotinic acid G-protein-coupled
receptor involved in production of prostaglandins and activation of
peroxisome proliferator-activated receptor (PPAR)-y dependent
transcription within macrophages, is also moderately upregulated
(21).

In conclusion, TMEV-associated axonopathy is characterized
by NF accumulations caused by various impaired molecular inter-
actions including mechanisms responsible for axonal transport,
NF-phosphorylation and protein metabolism. Thus, as shown by
this study, NF accumulation in TME seems to be the result of
specific dysregulations in their axonal transport (Kif5A) and also
the sequel of nonspecific impairments in the neuronal protein
metabolism (ubiquitin—protein conjugates). These findings suggest
that axonal degeneration is induced by different mechanisms in
primarily TMEV-induced axonal damage (inside-out) compared
with secondary axonal degeneration following demyelination
(outside-in), converging on a common Nmat-sensitive end pathway
of NAD depletion, lack of ATP and finally axonal degeneration
(59). Further functional studies concerning the axon self-
destruction mechanisms are needed in order to increase our under-
standing of their impact on disease initiation and development and
design of new therapeutical strategies.
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version of this article:
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Figure S1. Theiler’s murine encephalomyelitis virus spread in the
spinal cord. A. Distribution of TMEV-positive cells in the ventro-
medial spinal cord at 28 dpi. TMEV was found predominantly
in microglia/macrophages (arrows). Scale bar = 200 um. B. Inset
of A which shows TMEV-positive microglia/macrophages cells
(arrows) and a positive axon (arrowhead). Scale bar =50 um.
Abbreviations: G = gray matter; W = white matter.

Figure S2. TMEV-induced demyelination. (A,B) Luxol fast blue
cresyl-echt violet-stained ventromedial spinal cord of control (A)
and TME V-infected mice (B) at 4, 42 and 98 dpi. At 4 dpi, the
spinal cord of control and infected mice showed a uniformly
Luxol fast blue-stained white matter. At 42 dpi, lymphohistiocytic
(arrow) and mild demyelination of the white matter (asterisks) were
present. At 98 dpi, a minimal diffuse parenchymal inflammatory
reaction and lymphohistiocytic meningitis (arrows) and an
increased area of demyelination can be observed (asterisks). Scale
bar = 100 um. Abbreviations: G = gray matter; W = white matter.
Figure S3. Axonal loss in TME. (A,B) Results of Bielschowsky
silver stain in the ventromedial spinal cord of control (A) and
TME V-infected mice (B) at 0, 28, 98 and 196 dpi. At 0 dpi, normal
staining of axons in the spinal cord of the control and TMEV-
infected mice was seen. From 28 until 196 dpi extensive pathology
of the nerve fibers characterized by variation of axonal thickness,
loss of axons (arrows) and presence of spheroids (arrowheads) was
observed in TME V-infected mice compared with controls. Scale
bar = 100 um. Abbreviation: W = white matter.

Table S1. Axonal transport associated probe sets manually
curated from peer-reviewed scientific articles.

Table S2. Axonal self-destruction associated probe sets manually
curated from peer-reviewed scientific articles.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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